Abstract Pulmonary hypertension (PH) is a progressive lung disease characterized by elevated pressure in the lung vasculature, resulting in right-sided heart failure and premature death. The pathogenesis of PH is complex and multifactorial, involving a dysregulated autonomic nervous system and immune response. Inflammatory mechanisms have been linked to the development and progression of PH; however, these are usually restricted to systemic and/or local lung tissue. Inflammation within the CNS, often referred to as neuroinflammation involves activation of the microglia, the innate immune cells that are found specifically in the brain and spinal cord. Microglial activation results in the release of several cytokines and chemokines that trigger neuroinflammation, and has been implicated in the pathogenesis of several disease conditions such as Alzheimer's, Parkinson's, hypertension, atherosclerosis, and metabolic disorders. In this review, we introduce the concept of neuroinflammation in the context of PH, and discuss possible strategies that could be developed for PH therapy based on this concept.
Introduction
Pulmonary hypertension (PH) is a devastating disease of diverse etiology that is characterized by elevated blood pressure in the lung vasculature. The mean pulmonary arterial pressure in normal individuals at rest measures about 14 mmHg. However, when this mean pressure exceeds 25 mmHg at rest, or is greater than 30 mmHg with exercise, the hemodynamic condition is referred to as PH [1•] . In most cases, the precise cause of this disease is unknown, and is believed to be of idiopathic origin. However, genetic predisposition has been noted in certain individuals with mutations in bone morphogenetic protein receptor-2 or activin-likekinase-1 [2, 3] . Epigenetic silencing of superoxide dismutase-2 [4] or underlying disease conditions such as connective tissue disorders, portal hypertension, and human immunodeficiency virus (HIV) infection can also give rise to PH [5] . Regardless of the cause, PH is associated with endothelial dysfunction, vasoconstriction, smooth muscle proliferation, thrombosis, and inflammation [6, 7] . These aforementioned factors, alone or in combination, contribute to structural alterations of the lung vessels, leading to increased pulmonary vascular resistance. Persistent elevation in vascular resistance increases workload on the right ventricle to cause maladaptive remodeling, eventually leading to dysfunction and end-organ failure. In fact, right-sided heart failure is the primary cause of death in patients with PH [8] .
The mechanisms involved in the pathogenesis of PH include imbalances in the levels of vasoconstrictive and vasodilatory mediators, excessive production of growth factors, and altered secretions of neurohumoral factors [9] . In addition, inflammation also plays a key role in PH pathobiology. This is evident from the fact that heightened circulating levels of cytokines, and infiltration of inflammatory cells into the lungs has been observed in patients with PH [7, 10] . However, the focus on inflammatory processes has involved systemic and/or local lung tissue. The role of inflammation within the central nervous system (CNS) has not been studied so far in diseases like PH.
Our focus in this review is to discuss the new concept of integration between neuroinflammation and the development/ progression of PH. We aim to assess recent progress in PH physiopathology, and introduce the hypothesis of a neuroinflammatory role in PH and right-sided heart failure. This disorder is marked by elevated pressure in the lung vasculature, inflammation, and increased sympathetic nerve activity, which suggests a strong neurogenic component. The economic, medical, and social impact of PH in terms of illness and mortality is substantial. Potential new and less invasive therapies that target autonomic imbalance and neuroinflammation should significantly improve therapeutic outcomes for patients with PH.
What is Neuroinflammation?
Inflammation is a basic host defense response to injury, ischemia, toxins, or infectious agents. Historically, the Roman, Celsus, defined inflammation as a condition marked by four cardinal signs -redness, swelling, heat, and pain [11] . However, since then, this terminology has undergone considerable change. Inflammation now encompasses the body's innate and adaptive immune system, along with invasion of cells (lymphocytes and macrophages) to the site of injury, and induction of inflammatory mediators such as cytokines, and chemokines [12] . When inflammation is specific to the central nervous system (CNS), it is termed neuroinflammation. Over the past few years, the field of neuroinflammation has developed into a very active branch of neuroscience. One of the primary reasons for this is that neuroinflammation is viewed as a causative/contributing factor to the pathogenesis of several neurological and/or peripheral diseases [13] [14] [15] . It would be pertinent to clarify that the term "neuroinflammation" generally refers to a state of chronic and sustained CNS injury that contributes to pathological effects, thus maintaining or worsening the disease process. Microglia, the nervous system's own innate immune cells, play an important role in mediating neuroinflammation.
Microglia, Resident Immune Cells of the CNS
The CNS consists of neurons and three different kinds of glial cells: astrocytes, oligodendrocytes, and microglia. All these central cells are insulated from the peripheral tissues by a tight blood brain barrier. Because of the impermeable nature of the blood brain barrier, circulating immunoglobulins and leukocytes fail to access the brain regions under normal conditions. As a result, the immunological mechanisms of the CNS are quite different from that of peripheral tissues. Microglia, which account for 5 -20 % of all cells in an adult human brain are considered to be the key players in mediating immune responses through secretion of various factors [16] . In fact, they constitute the first line of defense against invading pathogens, infections and tissue injury. Moreover, microglial cells remove cellular debris and/or toxic substances by phagocytosis, thereby maintaining homeostasis. Under physiological conditions, these cells are characterized by a small cell body and many fine processes which send multiple branches extending in all directions. This "ramified" form of microglia is fairly motionless, but its branches constantly move to survey the surrounding areas for signs of brain lesions or nervous system dysfunction. However, the ramified microglia undergoes structural changes to assume an amoeboid form, a process that is generally referred to as 'microglial activation' in response to a brain insult [17•] . This amoeboid form enables the entire microglial cell to migrate through the brain tissue, and translocate to the site of injury for performing immunological functions. Thus, microglial cells exhibit extreme plasticity to change shapes and transform to an activated state. While short-term microglial activation might be beneficial, chronic activation is considered detrimental, and has been implicated as a potential mechanism in neurodegeneration [18] . Activated microglia release a host of neurotoxins that include pro-inflammatory cytokines, nitric oxide and reactive oxygen species, all of which contribute to the degenerative process [19] . It is relevant to point out that astrocytes, another type of glial cell also generate pro-inflammatory cytokines to mediate neurodegeneration.
Origin of Microglia During Development and Diseased Conditions
The origin and cell lineage of microglia have been topics of debate for a long time. Though microglia were initially thought to originate from neuroectodermal matrix cells, the general consensus today is that these cells are derived from progenitors, originating from the bone marrow [20] . Studies in rodents have shown that the bone marrow-derived progenitors immigrate into the brain until postnatal day 10 to give rise to microglia [17•] .
Recently, Kierdorf et al., have demonstrated that microglia in the mouse brain emerge from c-kit + erythromyeloid yolk sac precursor cells that invade the developing nervous tissue [21] . It is well accepted that in adult animals there seems to be very little exchange between blood and brain parenchyma. However, on injury, microglial progenitors that are produced and mobilized from the bone marrow penetrate the brain tissue. The mobilization of microglial progenitors is regulated by the sympathetic nervous system (SNS) [22] . Once mobilized, these progenitors infiltrate specific injured brain areas.
Furthermore, chemokines and their receptors play an important role in the recruitment process. Monocyte chemotactic protein-1 or CC-chemokine ligand-2 (MCP/CCL-2), along with its receptor CCR2, recruit resident microglia as well as microglial progenitors to the lesion area [23] . It is worth mentioning that MCP/CCL-2 is densely expressed in the paraventricular nucleus (PVN) and other hypothalamic nuclei, which happen to be cardiovascular regulatory regions of the brain [24] .
Microglia-Derived Cytokines and Chemokines
Several immuno-and neuroregulatory factors are secreted by activated microglia, which mediate neuroinflammation. Cytokines, chemokines, and nitric oxide constitute a substantial fraction of these factors. Cytokines released by activated microglia consist of interleukins (IL-1 and IL-6), IFN-γ, and tumor necrosis factor-alpha (TNF-α), while chemokines include MCP-1, macrophage inflammatory protein-1 (MIP-1), and RANTES [25] . IL-1, IL-6, and TNF-α are proinflammatory cytokines that actively participate in the initiation and coordination of inflammatory processes following microglial activation [26] . Excessive production of these cytokines can exhibit toxic and cell death-inducing potential on the surrounding neurons and oligodendrocytes [27] . Activated microglia can also trigger or increase the release of glutamate from adjacent astrocytes to cause potentially toxic and neuromodulatory effects [28] . On the other hand, chemokines of microglial origin assist in the process of leukocyte invasion via enhanced expression of endothelial adhesion molecules to impact neuroinflammation. Microglial cells are known to express several chemokine receptors that include IL-8R, CXCR2, CXCR3, CXCR4, CCR3, CCR5, and CX3CR1 [29] . The most prominent receptors through which microglia detect infection and tissue damage are the Toll-like receptors (TLRs). Among the different subtypes, Toll-like receptor 4 (TLR-4) mediates microglial activation and production of inflammatory mediators [17•] . Of particular relevance to PH is that TLR4-deficient mice were less susceptible to the development of hypoxia-induced PH and showed decreased pulmonary vascular inflammatory response [30, 31] . Though the contribution of microglial activation on hypoxia-induced PH was not evaluated in this particular study, we speculate that TLR-4 deletion results in decreased microglia-mediated neuroinflammation, and thus renders protection against PH pathophysiology.
Inflammation in Pulmonary Hypertension
Inflammation has long been recognized as an important hallmark of PH. Overwhelming evidence from experimental models and clinical studies have shown elevated levels of circulating inflammatory markers, and accumulation of inflammatory cells in the pulmonary hypertensive lungs [7, 32] . Accumulation of T cells, B cells, and macrophages in the lungs leads to increased production of pro-inflammatory cytokines, along with subsequent activation of inflammatory pathways, which perpetuates PH, and results in end-organ damage [33, 34] .
An important initiator of inflammation is the nuclear factor of activated T cells (NFAT), a well-known transcription factor that promotes cytokine gene expression. NFAT is found to be severely upregulated in PH [35] . Animal studies have shown that activation of macrophages results in the release of several pro-inflammatory cytokines such as IL-1, IL-6, and TNF-α, all of which contribute to inflammatory process [36] . In fact, circulating levels of IL-1 and IL-6 have been reported to be considerably elevated in patients with PH [37] . Recently IL-18, a pro-inflammatory cytokine was also found to be elevated in pulmonary hypertensive subjects [38] . This cytokine has been shown to exert proliferative effects on the pulmonary artery smooth muscle cells, which contributes to vessel wall thickening. Interestingly, an increased prevalence of PH has been observed in some patients with autoimmune disorders such as HIV, connective-tissue diseases, and thyroiditis [39, 40] , which underscores the importance of inflammation in PH.
The role of inflammatory cytokines in the development of PH is also supported by studies in animal models. Levels of IL-6 are consistently elevated in animal models of PH [41] . This elevation may be causal as deletion of IL-6 protects from hypoxia induced-PH [42] and overexpression of IL-6 causes severe PH [43] . Therefore, it is well recognized that the circulating and pulmonary levels of pro-inflammatory cytokines are elevated in PH; however, the induction and involvement of neuroinflammation with its manifestation of glial activation and cytokine overexpression is so far unknown in PH. Preliminary studies from our lab suggest that proinflammatory cytokine TNF-α is elevated in the PVN of pulmonary hypertensive animals, an indication of neuroinflammation.
An exceptional recent study suggested a causal role for hematopoietic myeloid progenitors in PH. It was found that transplantation of bone marrow-derived CD133 + cells from PH patients induced vascular injury, thromboses, and right ventricular hypertrophy in immunodeficient mice, suggesting a detimental role of these cells in cardiopulmonary remodeling [44•] . These findings also indicate that progenitor cells themselves may be dysfunctional in the disease state. Along similar lines, we have demonstrated that the migratory capacity of CD34 + cells harvested from patients with PH is impaired as compared with CD34 + cells from healthy individuals. However, treatment of these dysfunctional cells with diminazene, an activator of angiotensin converting enzyme-2 (ACE2) resulted in a significant increase in SDF-1α-induced migration [45•] . The migratory ability of these cells is also dependent on the bioavailability of nitric oxide (NO), and is adversely disrupted by oxidative stress. Our preliminary data suggests that cells from PH patients produce less NO and have greater ROS production than similar cells harvested from control subjects.
We have previously demonstrated that the ACE2 activator, diminazene can prevent and reverse MCT-induced PH, which is associated with reduction in the levels of pro-inflammatory cytokines [45•] . Preliminary data, using adipose-derived stem cells (ASCs) from normal rats have also been effective in attenuating MCT-induced PH, along with decreasing pro-inflammatory, and elevating anti-inflammatory cytokines. Further studies will be required to investigate if these treatments mediate their effects via central mechanisms.
Brain RAS and Neuroinflammation
Traditionally, the renin angiotensin system (RAS) has been viewed as a circulating system that plays a central role in the regulation of blood pressure and body fluid homeostasis. However, it is now well established that an intrinsic local RAS exists in many tissues, including the brain, where it mediates tissue-specific physiological and pathological effects [46] . The classical RAS comprises angiotensin converting enzyme (ACE), whose metabolic action leads to the formation of angiotensin II (Ang II), a vasoactive peptide. Ang II exerts its biological actions via stimulation of two different subtypes of G-protein-coupled angiotensin receptors, the AT1-and the AT2-receptor (AT1R and AT2R). However, since the expression of AT2R is very low in adult tissues, most of the classical actions of Ang II are mediated by AT1R. In addition to these classical RAS components, a counter-regulatory system comprising angiotensin converting enzyme2 (ACE2), its metabolic product, angiotensin-(1-7) [Ang-(1-7)], and the receptor Mas has been recently discovered, which together forms the ACE2/Ang-(1-7)/Mas axis, and opposes the detrimental effects of Ang II [47, 48] . All the above-mentioned RAS components (both classical and newly discovered) are expressed in the brain [49] . AT1R activation in the brain leads to regulation of immune cell infiltration, modulation of antigenpresenting cells, suppression of regulatory T cells, and induction of T helper cells (TH1 and TH17), all of which are involved in inflammation [50] . In vitro studies have confirmed the presence of AT1R on microglial cells, which on stimulation triggers the release of pro-inflammatory cytokines and NO, key factors that participate in neuroinflammation [17•] . Conversely, blockade of AT1R on the cultured microglia suppressed its activation, resulting in reduced production of cytokines and NF-κB, a potent cytokine transcription factor [51] . Similarly, in distinct experimental models of brain inflammation involving LPS administration [52] , stroke [53] , or cerebral hemorrhage [54] , blockade of AT1R protected the brain parenchyma.
Experimental Evidence for Neuroinflammation in PH
In the well-studied monocrotaline (MCT)-model of lung injury, we observed that development of PH, identified by an increase in right ventricular systolic pressure (RVSP, a surrogate marker), was associated with microglial activation in the PVN of the brain. Additionally, these changes were accompanied by significant increases in the expression of inflammatory cytokine and RAS components, suggesting for the first time that neuroinflammation and a dysregulated brain RAS could be involved in the pathogenesis of PH. Overwhelming evidence from both experimental and clinical studies have shown the importance of RAS, particularly that of Ang II in the development and progression of PH [55] [56] [57] . Circulating levels of Ang II have been found to be considerably increased during PH [55] . We speculate that this increase in Ang II levels might contribute to neuroinflammation and other changes in the MCT-challenged brain. This speculation is based on our previous rodent experiments, wherein chronic Fig. 1 Working model: Interaction between lung, brain, and right ventricle of the heart in PH. Augmented inflammatory cells in the lung may affect the brain PVN (black arrow) and activate microglia. Activated microglia increase sympathetic nerve activity, contributing to PH pathology. Importantly, PVN neurons project onto the right ventricle of the heart (green arrow) and increase sympatho-excitation (red arrow), which could lead to right-sided heart hypertrophy and heart failure. Part of right ventricle hypertrophy is due to elevated pulmonary arterial pressure, which increases right ventricle workload (white arrow). Together, microglia activation leads to increased SNS activity to the right ventricle of the heart, inducing right heart hypertrophy, deteriorating cardiac function, resulting in heart failure and ultimately death Ang II infusion resulted in microglial activation and neuroinflammation in the PVN [58•] . Likewise, neuroinflammation was accompanied by changes in the brain RAS components in this study. Conversely, all these detrimental changes in the PVN were reversed on treatment with minocycline, an antibiotic that is known to inhibit microglial activation [58•] . We have also established a direct neuronal connection between the PVN and the right-ventricle of the heart using retrograde tracing with pseudo rabies virus (PRV). This is an important finding, which suggests that modulation of the PVN can affect right-sided heart function.
Possible Therapeutic Strategies
It is possible that treatments which directly target the neuroinflammatory pathways in the brain can protect against PH and associated pathology. In this regard, TNF-α-neutralizing antibodies (infliximab or etanercept) can be of potential therapeutic use. As indicated earlier, administration of minocycline, an inhibitor of microglial activation can also render beneficial effects against PH. All these drugs have been previously shown to be effective in reducing neuroinflammation in several disease models, and are currently being evaluated in the clinics. We believe that these drugs have the potential to treat PH as well, and must be evaluated in relevant experimental models of PH.
Conclusion
We are at a very nascent, but exciting stage of identifying the role and involvement of microglial activation/ neuroinflammation in the pathogenesis of PH. Much of the historical PH research has focused primarily on understanding endothelial dysfunction, particularly the importance of an imbalance between endothelial-derived vasoconstrictors and vasodilators. Certainly, these endeavors have been fruitful in terms of target identification and validation, with subsequent development of several drugs that successfully modify the prostacyclin, NO, and endothelin signaling pathways. Despite these currently available therapies, PH still remains an incurable disease with high mortality rates, underscoring the need for identifying novel targets and drugs. A better understanding of the disease pathology is fundamental towards achieving this goal. The significance of systemic and pulmonary inflammation has been well recognized. However, the role of neuroinflammation in the PH pathogenesis has yet to be dissected. Learning about how inflammatory processes are induced within the brain and the mechanisms by which these responses ultimately contribute to the development and progression of PH will help us develop novel therapeutics. Though we have provided some preliminary data in support of neuroinflammation in PH, and propose an interaction between lungs, brain, and right ventricle of the heart (Fig. 1) , much more research needs to be done to exploit this concept for the development of an effective therapy. Although several questions need to be addressed, some of the more pressing ones are the following: i) is neuroinflammation a cause or consequence of PH; ii) are there specific regions of the brain associated with microglial activation and neuroinflammation; iii) what are the mechanisms that regulate neuroinflammation; iv) do these mechanisms involve the SNS and RAS or are they neurogenic independent; and v) can therapeutic targets of microglial activation/migration attenuate or restore pathological alterations associated with PH?
